Patients with early disruptions of binocularity show cortical directional asymmetries in their steady state monocular VEP response to oscillatory motion. The VEP directional asymmetry is characterized by significant first harmonic components that show a 180°difference in the response phase between the two eyes. By contrast, the normal response is dominated by even-order response harmonics, although some normal observers also have measurable responses at the first harmonic. Experiments and simulations were conducted to determine if the first harmonic in patients could reasonably be attributed to direction selective mechanisms. A secondary goal was to determine whether the first harmonic response of normals was also due to imbalances in direction selective mechanisms. Monocular steady state VEPs were elicited by oscillating 3 c/deg gratings presented at 6 and 10 Hz in normal observers and observers with infantile esotropia. Responses were also obtained to phase-reversing gratings of the same spatial and temporal frequencies. Phase reversal eliminated the majority of first harmonic responses which were recorded for normal observers to oscillatory motion. However, phase reversal did not elicit the cortical motion asymmetry in infantile esotropia. Modeling results suggest that the first harmonic response to oscillatory motion arises due to non-linearities in both direction selective and non-direction-selective mechanisms, with the latter being dominant in patients with early onset strabismus.
Introduction
In early infancy, the cortical response to oscillatory motion appears to be directionally biased (Norcia, Garcia, Humphry, Holmes, Hamer & Orel-Bixler, 1991) . Monocular VEPs generated by periodic 90°phase shifts of a vertical grating contain significant odd harmonics that are 180°out of phase between the two eyes, consistent with a nasalward/temporalward bias such as that exhibited for monocular optokinetic nystagmus (Atkinson, 1979; Naegele & Held, 1982) . The normal adult response is dominated by even harmonics of the stimulation frequency, consistent with a symmetric response to left and right motion. Asymmetric responses to movement are apparent for both MOKN and the VEP up to at least 5 months of age for low temporal frequencies and even later at higher temporal and spatial frequencies (Norcia, Hamer & Orel-Bixler, 1990; Roy, LaChappelle & Lepore, 1989; Mohn, 1989) . The onset of a symmetric VEP response coincides approximately with the onset of binocular fusion and stereopsis in the normal infant (Fox, Aslin, Shea & Dumais, 1980; Birch, Gwiazda & Held, 1982; Shimojo, Bauer, O'Connell & Held, 1986, humans; Brown, Wilson, Norcia & Boothe, 1998, monkey) , but the asymmetry persists in patients with infantile esotropia, a type of strabismus that begins before 6 months of age (Norcia, Garcia, Humphry, Holmes, Hamer & Orel-Bixler, 1991; Norcia, Hamer, Jampolsky & Orel-bixler, 1995) . Chandna, Norcia and Peterzell (1993) have reproduced the infant response pattern in normal adults by adapting them to opposite directions of drift in the two eyes. Adaptation presumably unbalances the normally balanced distribution of direction selective mechanisms, causing the mass response to become asymmetric. This imbalance manifests itself in the appearance of significant first harmonic responses after adaptation. The after effect of adaptation was direction-specific because opposite directions of motion induced first harmonics of that were phase shifted by 180°. The oscillatory-motion VEP thus appears to be tapping direction specific mechanisms.
The purpose of this paper is to provide a model for what we will refer to as the developmental motion asymmetry (DMA) that is based on current knowledge of early direction selective mechanisms. Predictions of the model are tested using pattern reversal stimuli, which we show does not elicit first harmonics in either infantile esotropia patients or normals.
A subsidiary goal of the experiments was to explore the mechanism underlying first harmonic generation in some normal observers, initially reported by Hamer, Norcia, Orel-Bixler and Hoyt (1993) . Unlike the pattern seen in the DMA, first harmonics generated in normal adults by oscillatory motion tend to have the same response phase. In the context of the model proposed, the DMA arises due to non-linearities in direction selective mechanisms, while the residual first harmonic of normals is due to nonlinearities in non-direction-selective mechanisms.
Methods

Obser6ers
VEPs were recorded from six normal observers aged between 19-39 years (mean age 27 years) with no history of abnormal binocular vision, who had a corrected Snellen acuity of 6/6 or better in each eye, and stereoacuity equal to or exceeding 60 arcsec (TNO test), and in six patients aged between 14 and 21 years (mean age 17 years) who had a constant esotropia with onset before 12 months of age. Onset of the esotropia was documented either by history or medical records, and each patient had a 6/9 or better acuity in their worst eye. Informed consent was obtained from all participants prior to testing.
Stimuli
The observers viewed monocularly vertical sine wave gratings of 80% contrast and a space average luminance of 149 cd/m 2 presented on a screen subtending a visual angle of 12.5°. A 3 c/deg grating was square-wave modulated by 180°of spatial phase for phase reversal and by 90°of spatial phase for oscillatory motion at temporal frequencies of either 6 or 10 Hz (12 or 20 contrast reversals or direction changes per sec, respectively). All stimulus frequencies will be referred by their Fourier fundamental frequency, not their reversal rate.
VEP recording
The EEG was recorded from three bipolar derivations using Grass gold cup electrodes. A midline occipital electrode was placed 3 cm above the inion at O z , with right and left occipital electrodes placed 3 cm lateral to the midline electrode at O 1 and O 2 , respectively. The reference electrode was placed at the vertex. The EEG was digitized with a 16-bit A/D converter at 449 Hz over an amplifier passband of 1-100 Hz. The amplitude and phase of the VEP response were determined by a Recursive Least Squares adaptive filter (Tang & Norcia, 1995) . EEG data was collected in synchrony with the display, and phase calculations were referenced to the onset of stimulus oscillation or pattern reversal. Individual trial responses were coherently averaged in the frequency domain. Statistical significance was assessed using the T 2 circ test of Victor and Mast (1991) .
Procedure
Monocular measurements were made with the order of temporal frequency, modulation type, and conditions randomized in blocks. The observers were instructed to fixate a small target placed centrally on the display monitor and to avoid blinking or movement during a trial. Six trials of 10 s duration were recorded for each condition. The first (1F) and second (2F) harmonics of the stimulus frequencies were analyzed since these were the largest and most consistent response components. Fig. 1 shows the steady-state VEP responses to oscillatory motion (left column) and phase reversal (right column) at 6 and 10 Hz for a normal adult, chosen for her particularly prominent 1F responses at 6 and 10 Hz, respectively. The plots represent a single channel/ harmonic combination and show the average response amplitude across trials as a single vector with 95% confidence (Right eye, dark disk; Left eye, light disk). The relative position of the vector in relation to the axes of the plot indicates the phase of the response relative to the stimulus phase. Amplitude scales (radii) are the same for all plots recorded at the same temporal frequency.
Results
The responses for both oscillatory motion and phase reversal were dominated by the second harmonic. However, this normal observer had a substantial first harmonic component in each eye to oscillatory motion at both 6 and 10 Hz. The 6 Hz responses at 1F were of the same response phase and are thus not consistent with a nasalward/temporalward cortical motion asymmetry (DMA). A similar pattern was also evident in data recorded at 10 Hz. By contrast, there was no significant first harmonic component to phase reversal at either temporal frequency (Fig. 1, right panels) .
We recorded from each eye of six normal observers, using three derivations/observer, creating a total of 36 1F components/stimulus-type for analysis. For phase reversal, 8 and 0% of the 1F components, at 6 and 10 Hz respectively, were statistically significant at the P = B 0.05 level on the T 2 circ test. For oscillatory motion, 31 and 50% of the 1F records at 6 and 10 Hz respectively, were significant. T 2 circ criteria were not corrected for multiple tests and thus the results for reversal are very close to what is expected from chance alone. Fig. 2 shows the VEP responses to oscillatory motion (left column) and phase reversal (right column) at 6 Hz, Fig. 2 . VEP responses at the first (1F) and second (2F) harmonic to oscillatory motion (OM, left-hand column) and phase reversal (PR, right-hand column) for 6 Hz stimuli, plotted in polar form for three patients with infantile esotropia (KH, HW, ET). Vectors with 95% confidence intervals (gray disks) present the average response amplitude across trials (Right eye, dark disk; Left eye, light disk). Amplitude scales (radii) are the same for all plots within an observer. Each observer has a significant 1F response that is approximately 180°out of phase for OM. These 1F responses disappear with PR stimulation. Fig. 1 . VEP responses at the first (1F) and second (2F) harmonic to oscillatory motion (OM, left-hand column) and phase reversal (PR, right-hand column) for 6 and 10 Hz stimuli (12 and 20 stimulus reversals per sec, respectively). Results are plotted in polar form for a normal observer selected for her large 1F amplitudes. The vectors represent the average response amplitude across trials, with the gray disks indicating 95% confidence limits. (Right eye, dark disk; Left eye, light disk). Amplitude scales (radii) are the same for 1F and 2F plots for OM and PR, within a temporal frequency condition. The angle of the vector in relation to the horizontal axis indicates the response phase with respect to the stimulus. In all plots, response phase is referenced to the 3 o'clock position where response phase shift with respect to the stimulus is zero, modulo 2 pi. The error disks for the 1F responses do not include zero for the oscillatory motion stimulus at both 6 and 10 Hz, indicating that they are due to stimulus-related activity. With the pattern reversal stimulus, all 1F responses are reduced in amplitude and are not statistically different from zero.
for three infantile esotropia patients (KH, HW and ET) chosen to represent the responses observed for the patient group. Vectors with 95% confidence intervals (gray disks) present the average response amplitude across trials (Right eye, dark disk; Left eye, light disk). Amplitude scales (radii) are the same for all plots within an observer. It can be seen that the response pattern now differs for the two stimuli. First, each observer shows a large, statistically significant 1F response in each eye to oscillatory motion, whereas the phase reversal response is dominated by the second harmonic with no significant response at the first harmonic. Secondly, the oscillatory motion first harmonic responses from each eye are approximately 180°out of phase with respect to one another for observers KH and HW. The phase difference for observer ET is just less than 180°.
The presence of first harmonic components in the response to oscillatory motion that differ by a 180°p hase-shift between eyes is the characteristic signature of the DMA (Norcia, Garcia, Humphry, Holmes, Hamer & Orel-Bixler, 1991) . This pattern of response is consistent with the largest response from each eye being in opposite directions of motion. Five out of six of the infantile esotropes' responses to oscillatory motion demonstrated this feature. (Observer LD did not have a significant first harmonic component with the left eye for comparison of inter-ocular phase difference). In the infantile esotrope group, only 5% of the first harmonic components were statistically significant for phase reversal, compared to 81% for oscillatory motion. Fig. 3 shows polar plots for the same three infantile esotropia patients (KH, HW and ET) recorded to oscillatory motion (left column) and phase reversal (right column) at 10 Hz. The features noted in the 6 Hz plots are also evident. There was a large first harmonic in response to oscillatory motion with a 180°phase difference between the eyes, but no significant response to phase reversal. Observer IA while having a significant first harmonic for both eyes to oscillatory motion had a only a 90°phase difference (data not shown). For phase reversal, 3% of the first harmonic components were significant, compared to 89% for oscillatory motion.
Discussion
The pattern reversal stimulus reduced to chance level the first harmonic responses that were recorded in response to oscillatory motion in normal observers. However, pattern reversal did not elicit the cortical motion asymmetry in patients with infantile esotropia at either 6 or 10 Hz. This finding suggests that despite the qualitative similarity between the phase reversal and oscillatory motion stimuli, the mechanism underlying the VEP response clearly distinguishes between the two.
Model of VEP response generation
How can we explain why only oscillatory motion generates first harmonics in both the esotropia patients and in normals? This explanation must also be able to account for the different first harmonic inter-ocular phase relationships seen in patients and normals. As a starting point, we begin with the suggestion of Hamer, Norcia, Orel-Bixler and Hoyt (1993) that the first harmonic of normals may be due to asymmetries in local luminance or local contrast mechanisms. They proposed a model for first harmonic generation analogous to that used by Zemon and Ratliff (1984) to explain the first harmonic of the pattern onset/offset response. In both models, first harmonic generation is viewed as being due to a non-linear interaction between components of the stimulus. Analytically, both grating onset/ offset modulation and oscillatory motion can be decomposed into two different temporal components of the same spatial frequency and orientation: a static grating and phase reversing grating. The two stimuli Fig. 3 . VEP responses at the first (1F) and second (2F) harmonic, to oscillatory motion (OM, left-hand column) and phase reversal (PR, right-hand column) 10 Hz stimuli, plotted in polar form for three patients (KH, HW, ET) with infantile esotropia. Plotting conventions are the same as for Fig. 2 . Each observer has a significant 1F response that is approximately 180°out of phase for OM. These 1F responses disappear with PR stimulation. Fig. 4 . Synthesis of onset-offset and oscillatory motion stimuli from trigonometric components. The components of each stimulus are represented as space -time diagrams. Both onset-offset (C) and oscillatory motion (H) patterns can be produced by summing a reversing grating with a static one. The two stimuli differ only in the spatial phase of the static grating with respect to the reversing grating (panels C vs G). The reversing grating has been decomposed into leftward and rightward components (panels A, B, E and F). differ in the spatial phase relationship between the static and reversing components. With pattern onset/ offset modulation, the two components have the same spatial phase, but in oscillatory motion they are in spatial quadrature (Nakayama & Silverman, 1985; Wesemann & Norcia, 1992 ; see Fig. 4 ). Non-linearities in the luminance or contrast response could produce intermodulation distortion between these components that would result in a response at the first harmonic which is the both the sum and difference frequency (Zemon & Ratliff, 1984; Hamer, Norcia, Orel-Bixler & Hoyt, 1993) . The pattern reversal stimulus contains only a single component and there is thus no opportunity for intermodulation distortion to produce first harmonics.
The Hamer, Norcia, Orel-Bixler and Hoyt (1993) model is sufficient to explain why pattern reversal does not elicit first harmonics and it also provides and explanation for first harmonic generation in normals. In the following, we extend their reasoning to include non-linear, direction selective mechanisms as well as (nonlinear) non-direction-selective mechanisms in an effort to explain how oscillatory motion produces the DMA in patients or the motion after effect observed by Chandna, Norcia and Peterzell (1993) .
It is well known that a reversing grating stimulus can be decomposed into separate rightward and leftward drifting components that are processed separately over a considerable range of spatio-temporal frequencies (Levinson & Sekuler, 1975 ). In the model, we will therefor consider non-linear interactions within separate leftward and rightward channels. To begin with, in Fig. 4 we show the synthesis of onset-offset and oscillatory motion (jitter) stimuli from their trigonometric components. Both onset-offset (Fig. 4D ) and oscillatory motion (Fig. 4H ) patterns can be produced by summing a reversing grating (counterphasing grating) with a static one. The two stimuli differ only in the spatial phase of the static grating with respect to the reversing grating (panels 4C vs 4G). In Fig. 4 , the components of each stimulus are represented as space-time diagrams and the reversing grating has been decomposed into leftward and rightward components (panels A, B, E and F). Note that only the jitter target changes orientation in space-time (motion).
We have assumed that leftward and rightward motion mechanisms are created by an initial stage of linear spatio-temporal filtering followed by non-linear operations (e.g. Adelson & Bergen, 1985; Emerson, Bergen & Adelson, 1992) . In the Adelson and Bergen motion Fig. 5 . Effects of a non-linearity in leftward and rightward motion channels. In panels A and E, drifting components were added to an in-phase static component and the result was squared (onset-offset mode). The resulting motion energy is shown as a space-time diagram. In panels C and G, drifting components were added to a quadrature-phase static component and the result was squared (jitter mode). The resulting motion energy is shown as a space-time diagram. In panels B, D, F and H, the activity represented by the space-time diagrams has been collapsed across the spatial dimension and the results are plotted as amplitude as a function of time. Activity across space varies at the first harmonic of the stimulus frequency after the energy calculation. Onset-offset and jitter stimuli differ in that the activity is temporally in-phase for both directions of motion in the onset-offset case, but is temporally out of phase by 180°in the jitter case. energy model, the initial linear filters are followed by a squaring non-linearity. Fig. 5 shows the result of squaring the sum of a drifting component and a static component of the appropriate spatial phase for onsetoffset and jitter modulation. The outputs of the 'energy' calculations are shown as space-time diagrams in Fig. 5 (onset-offset; panels A, E: jitter; panels C, G). Several features are apparent. For both onset-offset and jitter, the spatial frequency has doubled and the space-time diagrams show oriented segments that parallel the direction of the drift components. The activity however is temporally modulated -it waxes and wanes at the input temporal frequency. Two cycles of the input frequency are shown in both the space-time diagrams and the amplitude versus time plots. Onset-offset and jitter differ in that activity for leftward and rightward channels is temporally in-phase for onset-offset (B and F), but it is 180 out of phase for jitter (D and H). The timing relationship between activity in leftward and rightward channels is maintained for all combinations of relative strength of the leftward and rightward drift components. In the case of reversal (not shown) there is no temporal modulation of the output of the separate left and right channels. The modulation is due to the non-linear combination of the static and drifting components.
To predict what would be observed in the VEP, we need a more physiologically accurate model of an energy channel and a model of how the output of leftward and rightward motion energy channels are represented at the scalp. We begin by assuming that we do not have access in the VEP to the spatial variation of activity at the scale of the grating spatial frequency and that we are only sensitive to differences in the temporal profile of a spatially extended population of motion detectors. We approximate this by collapsing the space-time diagrams across the space dimension, plotting the envelope of the population activity as a function of time in Fig.  5B, D, F and H. Again, it is apparent that onset-offset and jitter stimuli produce activity at the input frequency in the separate direction channels. Emerson, Bergen and Adelson (1992) have shown that the response characteristics of complex cells match those of the unidirectional energy stage in the Adelson Fig. 6 . Model complex cell responses for leftward and rightward motion (left and center panels) presented as space-time diagrams. The squared responses to drifting and static components presented in Fig. 5 were subjected to a threshold to mimic the behavior of directionally selective complex cells. In the VEP, the population response has a fundamental at twice the input temporal frequency (right panel). This second harmonic is directionally selective as indicated by the oriented responses to each direction of motion in the jitter stimulus.
and Bergen model. We approximate complex cells in the present model by applying a threshold to the squared input values for separate right and left channels. The threshold was placed approximately in the middle of the response amplitude range shown in Fig.  5 . All values below threshold were set to zero. After thresholding, the leftward and rightward channel responses are still 180°out of phase for the jitter stimulus channels (Fig. 6 , left and center panels) but are still in phase for the onset-offset stimulus (not shown). At the level of the scalp, the outputs of the two direction channels will sum linearly via volume conduction (Fig.  6 right) . For jitter, if the left and right channel outputs are equal, their sum will have a fundamental frequency equal to the second harmonic (see Fig. 6 right) . In addition, the response will also contain higher even-order harmonics. If the left and right channels are not equal, then the response will be periodic at the fundamental frequency and will contain both even and odd harmonics. A difference in response strength for rightward and leftward will produce a difference in the heights of the peaks above threshold. The phase of the fundamental will depend on whether the left or right channel response dominates. In the case of the nasalward/temporalward asymmetry, opposite directions produce the largest response in the two eyes and therefore the phase of the fundamental will be 180°out of phase in the two eyes. For onset-offset, the resulting activity will be periodic with a fundamental frequency equal to the input frequency. The response will also contain higher harmonics because of the threshold output non-linearity of the model complex cell. The phase of the fundamental will be independent of whether there is a response asymmetry or not, since the fundamental phase is equal for both leftward and rightward motion.
In Fig. 6 (right), each phase of the second-harmonic response is oriented in space-time and thus this secondharmonic reflects directed motion energy or 'vector contrast' (see Hamer & Norcia, 1994) . It should also be noted that second harmonic activity could be produced by non-linear, non-direction-selective mechanisms as well and that the observed VEP is probably a combination of the two.
Relationship to other models of motion processing
We have interpreted the present results within the framework of a motion energy model. The results may also have some bearing on other models of human motion processing. For example, the Elaborated Reichardt Detector (ERD) of van Santen and Sperling (1985) does not appear to be compatible with the present results in a fairly compelling way. The ERD is an opponent system of two mirror-image subunits. Each subunit receives inputs from two spatially displaced receptive fields whose outputs are multiplied and integrated. The outputs of the subunits are subtracted to yield a motion signal. Van Santen and Sperling (1985) analyzed the response of an ERD to counterphase (pattern reversal) and onset/offset gratings. As noted above, onset-offset gratings are similar to jittering gratings in that both can be decomposed into the sum of reversing and standing gratings. The ERD output is zero for both reversing and onset/offset gratings, neither of which is moving. The ERD output is zero for reversal due to the equality of subunit responses. The ERD has no sensitivity to static stimuli and therefore the ERD is not sensitive to any combination of reversing and static gratings. Because the ERD has no sensitivity to the static component, it would not be expected to respond differentially to jitter and reversal stimuli. Moreover, its output is zero for a reversing grating, while the evoked response has a robust second harmonic.
The energy model of Adelson and Bergen (1985) has a structure that is to a substantial degree compatible with the proposed non-linear model for first harmonic generation in patients. In the motion energy model, the outputs of an initial set of linear spatial and temporal filters are summed to produce four kinds of spatio-temporal filters, two tuned to leftward motion and two tuned to rightward motion. The outputs of the rightward detectors are then squared and summed to give directional responses that are independent of the sign of contrast; similarly with the leftward detectors. The summing operation removes spatial phase sensitivity and the output to a constant velocity drift is a DC-level, and not time-varying as in our version. In defense of our implementation of the motion energy model, it is the interaction between drifting and static components that causes the output of the energy stage to fluctuate at the input frequency. Watson and Ahumada (1985) have proposed a motion model that has an initial set of linear spatio-temporal filtering that is similar to that of the energy model. However, this model explicitly encodes the temporal structure of the stimulus with time-varying signals, rather than removing it as in the energy models. The linear stage in the Watson and Ahumada model is followed by a second non-linear stage that extracts velocity. In the context of this model, the first harmonic would arise at or after the second stage.
Conclusion
The aggregate evoked response is the combination of direction-selective and non-direction-selective mechanisms. The second harmonic of the oscillatory motion VEP reflects non-linear processes and may receive contributions from both. The first harmonic response to oscillatory motion may also arise after non-linearities in both directionally selective and non-directionally selective pathways, with the latter dominating in patients with early onset esotropia. Any residual first harmonic component recorded to phase reversal may be due to asymmetries in local luminance or local contrast mechanisms, i.e. on/off channels sensitive to a change in the difference in luminance between two different retinal locations.
